Cassava (Manihot esculenta Crantz), a major root crop of the tropics, is currently the subject of worldwide efforts to develop its potential as a food, a feed, and an industrial commodity (15) . Cassava (also known as manioc, mandioca, aipum, yuca, cassada, tapioca, etc.) is extremely low in protein but gives the highest yield of starch per hectare per year of any crop known (12) . The dry matter of the root may be 90% fermentable carbohydrates, whereas the crude protein content averages only 3.5% (9) . Because it is so low in protein, cassava must be supplemented with a protein concentrate if it is to be used as a feed for nonruminant animals. An alternative to the use of a protein concentrate would be to use cassava as the carbohydrate source in a microbial fermentation in which nonprotein nitrogen is converted into microbial protein.
The use of microorganisms for the production of dietary protein from carbohydrates is well known (11, 13, 26, 28, 29) . Protein production from cassava in submerged fermentation by yeasts (25) and filamentous fungi (3, 10, 23, 25) has been studied, but thermotolerant organisms were not used nor has an extensive search for strains most suitable for this purpose been re- ' The object of the present investigation was to develop a simple, low-cost, submerged fermentation process for the conversion of cassava to microbial protein, which could be used in relatively small-scale units at feed lots in tropical countries. This report describes the isolation and evaluation of amylolytic fungi capable of growth under the selective conditions imposed, by pH 3.5 and temperatures of 45 C or higher. Studies on the suitability of one isolate, Aspergillus fumigatus 1-21, and its asporogenous mutant I-21A for the low-cost production of protein from cassava, under the conditions considered necessary for practical nonaseptic operation, are also described. A preliminary report has been published (18) .
MATERIALS AND METHODS
Media. For the isolation of organisms from soil samples, potato dextrose agar (Difco) and nutrient agar (Difco), supplemented with 1% (wt/vol) soluble starch (Difco) and acidified to pH 3.5 with sterile 10% lactic acid, were used. Isolates were maintained on potato dextrose agar slants at 4 C and room temperature.
For mycelium production during the screening of isolates and known species, we used a phosphatebuffered salts medium consisting of (grams per Total carbohydrates. A modification of the anthrone method described by Clegg (4) was used. Duplicate 1-ml samples of diluted culture filtrates were mixed with 5 ml of anthrone reagent (0.1% anthrone in 27 N H2SO), heated at 100 C for 12 min, and read at 630 nm in a Spectronic 20 spectrophotometer against a reagent blank. Carbohydrate was determined by comparison with a standard curve prepared with glucose.
Reducing sugars. Duplicate samples of culture filtrates were deproteinized by the method of Somogyi (21) and reducing sugars were determined by the method of Somogyi (22), using the arsenomolybdate reagent of Nelson (14) .
Amylolytic activity. Organisms were grown on starch agar plates, which were subsequently flooded with Lugol's iodine solution to detect zones ofhydrolysis.
Isolation of organisms. Decimal dilutions of soil samples were prepared, and 0.1-ml portions were spread on the surface of acidified nutrient starch agar and potato dextrose starch agar plates. Plates were incubated at 45 and 55 C, and mold colonies arising were purified by streaking on nonacidified agar.
Screening of known species at high temperatures. Thirty-five previously identified cultures of filamentous fungi, present in culture collections at the University of Guelph, were tested for their ability to grow at 37 and 45 C on potato dextrose agar. These cultures included 19 species in 14 genera (seven of these species being generally recognized as thermotolerant or thermophilic).
Submerged fermentations. Shake flask cultures used 25 (Table 2 ). Urea and ammonium nitrate permitted the pH to remain close to its starting value of 3.5 and suggested that they could eliminate the need for pH control equipment. Since urea also resulted in the highest carbohydrate conversion efficiency, it was selected for use in further studies.
Effect of pH, temperature, and medium concentration. At 45 C, the optimum pH for protein production in cassava extract medium was 3.5 ( Fig. 1) . When the incubation temperature was raised above the minimum desired temperature of 45 C at pH 3.5 ( Fig. 1) , there was a drop in protein yield.
Protein yield at 45 C and pH 3.5 showed no significant difference whether the substrate was cassava extract medium or whole cassava medium (Table 3) , and the efficiency of conversion of cassava carbohydrate to protein the crude protein content of the product was significantly higher with I-21A, but other fermentation characteristics had not changed as a result of the mutation. Because the data in Table 5 were drawn from fermentations carried out at different times and in different fermentors, it is possible that some unknown factor affected protein content in the product. The course of a 50-liter fermentation of 4% (wt/vol) carbohydrate (supplied as whole cassava medium with Cyrea-45 as the nitrogen source) by A. fumigatus I-21A is shown in Fig.  3 and 4 .
The "product" harvested at 0 time consisted of inoculum and that portion of the unfermented cassava mash retained by the filter. A slight decrease in total product at 4 h resulted from a decrease in the retained por- tion of the cassava, whereas the subsequent increase in product yield resulted from mycelial growth.
Maximum protein yield (Fig. 3 ) occurred about 20 h after inoculation, and almost all of the carbohydrate in the medium had been utilized by that time. The concentration of reducing sugars began at a level typical of the reducing sugar content of cassava, but increased by 12 h as the starch became hydrolyzed by the extracellular amylases. By 18 h almost all of the carbohydrate remaining was in the form of reducing sugars. Dissolved oxygen levels (Fig. 4) fell rapidly while the culture was growing rapidly but rose sharply near the end of the fermentation, as the growth rate decreased. The pH remained quite stable and did not exceed pH 4 until after 18 h, when there was a rapid rise in pH possibly caused by the onset of autolysis.
Data from this fermentation and three replicate fermentations of A. fumigatus I-21A on whole cassava medium are summarized in Table 6 . The difference between protein, measured as amino -N, and crude protein, measured as total -N, should be noted, as it indicates the shortcomings of using crude protein (total -N x 6.25) as a measure of protein in novel protein sources of this nature. The pH levels showed more variation in these fermentations than in the fermentation shown in Fig.  4 , but only in one fermentation did the pH rise above 4. In that fermentation the pH rose to 5.5 after 15 h but subsequently fell to 3.5 at 23 h.
Nonaseptic operation. No systematic assessment of the level of bacteria or yeasts in these fermentations was made by plate counts, but microscopic examinations failed to show the Contamination by yeasts was experienced on two occasions during the course of this study. In one case this was attributed to a fall in medium temperature to about 40 C when a fungal inoculum failed to grow rapidly after inoculation. Allowing the fermentor temperature to rise to 47 C eliminated these contaminants, and the mold subsequently established itself as the dominant organism. In the second case, three separate but consecutive fermentations at 45 C were contaminated with yeast. Thorough cleaning of the fermentor environment prevented a recurrence of this contamination.
Antifoam. Media containing 4% (wt/vol) carbohydrate as whole cassava medium required no antifoam during these fermentations. When the medium contained less than 4% (wt/vol) carbohydrate, or when cassava extract medium was used, the addition of Xfoam at a concentration of 0.01 ml/liter was sufficient to suppress foam for the duration of the fermentation. A similar concentration of cottonseed oil, added when foaming occurred, was also found to be effective.
Inhibitory effect of whole cassava medium. Preliminary experiments suggested that a mold growth inhibitor was being formed during the preparation of whole cassava medium. Figure 5 shows the results of a single set of fermentations in which mold was inoculated from a submerged fermentation into whole cassava medium prepared from cassava not heated until 5 h after it had been ground and cassava heated to 70 C immediately after grinding. The lag period was four times longer when heating was delayed. When the fermentor was operated with aeration 1 and 3 h after preparation of the whole cassava medium, before the inoculum was added, the lag was decreased about 1 (16) and cellulose and waste cellulosics (19) . Although A. fumigatus I-21 grew well and gave good yields of protein under the conditions tested, it was evident that higher temperatures or fluctuation of the pH around the optimum of 3.5 would be detrimental to protein yield. The use of urea under certain conditions offered a satisfactory alternative to pH control, which would be required with other nitrogen sources.
The ultimate success of this high-temperature, low-pH system in preventing contamination by yeasts and bacteria will need to be determined under field conditions after longterm operation of the system. Some species of yeast can grow at 46 to 47 C (24), but this is their maximum temperature rather than their optimum; thus they would probably not be competitive with A. fumigatus in a fermentation near this temperature.
The inhibitive material, present in whole cassava mash allowed to stand 5 h before heating, is presumed to be HCN, since cassava contains a cyanogenic glucoside, called linamarin, which is hydrolyzed by linamarase, an enzyme also present in cassava, to release HCN (5) . Heating the mash would inactivate the enzyme and prevent the release of HCN. Even cassava mash heated immediately after grinding appeared to contain some inhibitor, since the mold grew more rapidly when the whole cassava medium had been aerated for 3 h prior to inoculation. The time between rasping or grinding the cassava and heating it should, therefore, be kept as short as possible.
Nutritional evaluation of the 10 most promising thermotolerant fungi isolated during this study and toxicological studies with two of these are to be the subjects of separate reports. The culture producing the best growth response in rats, A. fumigatus I-21, when supplemented with methionine, gave a net protein ratio and a feed efficiency value with rats which did not differ significantly from the control diet containing casein, provided the comparisons were based on "true" protein rather than crude protein. Since smaller amounts of the fungal diet were consumed, however, the average weight gain and protein efficiency ratio were lower than with casein. Some strains of A. fumigatus produce mycotoxins and other biologically harmful compounds (7, 27) , but no toxicity was detected in rats fed A. fumigatus I-21 for 90 days. The mycelium of I-21A was analyzed for the following mycotoxins with negative results: aflatoxins, citrinin, ochratoxins, zearalenone, T-2, and sterigmatocystin (Laboratory of Toxicology, Veterinary Services Laboratory, Ontario Ministry of Agriculture and Food).
A simple self-aspirating fermentor, in which one moving part provides both agitation and aeration, has been specifically designed for this process (1) . Movement of the hollow stirrer blades creates low pressure at their tips so that atmospheric pressure forces air through the hollow shaft and blades into the medium, thereby obviating the need for an air compressor and further reducing the cost of the process.
Although molds are relatively easy and cheap to harvest compared to yeasts or bacteria, the commercial equipment available for harvesting fungi (20) is considered to be too expensive or too complex for the process envisaged. Studies are in progress to develop a roller press system (17) which may offer a cheaper solution to the recovery problem.
A 3,000-liter pilot plant system is being established at the International Center for Tropical Agriculture, Cali, Colombia. 1vr use in pig-feeding experiments. Assuming that the feed requirement for a 20-kg pig is 1.5 kg of dry matter per day at 16% crude protein (6), it can be calculated from the yields of the 50-liter fermentations ( Table 6 ) that 100 pigs would need a daily fermentation capacity of about 2,700 liters if all of their dietary protein were to be derived from fermented cassava. Additional fermentation capacity would be required to allow for the time that the plant was out of action for cleaning and maintainance.
